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APPARATUS AND METHOD FOR RSS/AOA
TARGET 3-D LOCALIZATION IN WIRELESS
NETWORKS

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to 3-D localization in
WSN, mobile networks and wireless networks.

Description of Related Art

[0002] Wireless sensor network (WSN) generally refers to
a wireless communication network which is composed of a
number of devices, called sensors, allocated over a moni-
tored region in order to measure some local quantity of
interest [1]. Due to their autonomy in terms of human
interaction and low device costs, WSNs find application in
various areas, like event detection (fires, floods, hailstorms)
[2], monitoring (industrial, agricultural, health care, envi-
ronmental) [3], [4], energy efficient routing [5], exploration
(deep water, underground, outer space) [6], and surveillance
[7] to name a few. In many practical applications, data
gathered by sensors are only relevant if they are associated
with accurate sensors’ locations; hence, estimation of sen-
sors’ locations is a key requirement for a majority of
practical applications [1].

[0003] Sensors are small, low cost and low power nodes
commonly deployed in large number over a region of
interest with limited to non-existing control of their location
in space, e.g., thrown out of an aeroplane for sensing in
hostile environments [8]. Installing a global positioning
system (GPS) receiver in each sensor would severely aug-
ment the network costs and restrict its applicability [9].

[0004] In order to maintain low implementation costs,
only a small fraction of sensors are equipped with GPS
receivers (called anchors), while the remaining ones (called
targets) determine their locations by using a kind of local-
ization scheme that takes advantage of the known anchor
locations [10]. Since the sensors have minimal processing
capabilities, the key requirement is to develop localization
algorithms that are fast, scalable and abstemious in their
computational and communication requirements.

[0005] Target localization has gained much attention
recently due to its significance in both military and industrial
applications [11, 12]. Wireless localization schemes usually
rely on range measurements [13, 14], drawn from time of
arrival, received signal strength (RSS), angle of arrival
(AoA), or their combination.

[0006] Notable advance has been made in developing
range/angle localization algorithms recently [15]-[22].
Document [15], discloses two estimators to solve the range/
angle based target localization problem: linear least squares
(LS) and optimization based estimators. The LS estimator is
a relatively simple and well known estimator, while the
optimization based estimator was solved by Davidon-
Fletcher-Powell algorithm.

[0007] In document [16], an LS and a maximum likeli-
hood (ML) estimators for a hybrid scheme that merges RSS
difference (RSSD) and AoA measurements are disclosed.
Non-linear constrained optimization was used to estimate
the target’s location from multiple RSS and AoA measure-
ments. Both LS and ML estimators in [16] are A-dependent,
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where A is a non-negative weight assigned to regulate the
contribution from RSS and AoA measurements.

[0008] Document [17] discloses a selective weighted LS
(WLS) estimator for RSS/AoA localization problem. The
authors determined the target location by exploiting
weighted ranges from the two nearest anchor measurements,
which were combined with the serving base station AoA
measurement.

[0009] In document [18], an WLS estimator for 3-D
RSSD/AoA localization problem is disclosed. However, the
authors in [29] only investigated a small-scale WSN, with
extremely low noise power.

[0010] The disclosure in [19] presents an estimator for
cooperative target localization based on semidefinite pro-
gramming (SDP) relaxation technique where triplets of
points were used to obtain the angle measures. The authors
in [19] extended their previous SDP algorithm for pure range
information into a hybrid one, by adding angle information
for a triplets of points. However, due to the consideration of
triplets of points, the computational complexity of the SDP
approach increases rather substantially with the network
size.

[0011] In document [20], a second order cone relaxation
technique to convert the non-convex ML estimator into a
convex one is disclosed. Due to the use of more sophisti-
cated mathematical tools, the computational complexity of
the estimator in [20] grows rapidly with the network size.

[0012] Document [21] discloses two estimators for both
non-cooperative and cooperative target localization. The
former is based on a bisection procedure to find an exact
solution to the localization problem on a computed trust
region. Although computationally efficient, this estimator is
executed iteratively which increases the computational load
and might cause error propagation. The latter one is based on
SDP relaxation, and its computational complexity is rela-
tively high.

[0013] All of the above methods are either designed for
2-D scenarios only [16], [17], [19] and [22] or extremely low
noise power [18], or employ more sophisticated mathemati-
cal tools that lead to a significant increase in the computa-
tional complexity [19]-[21]. Contrarly to these methods, the
localization method disclosed in this application achives
high accuracy with low computational complexity and
applies to 3-D scenarios, and no noise restrictions exist as in
[18].

[0014] The disclosure in [23] presents a convex optimi-
zation-based method for 2-D and 3-D localization. The
method relies on pair-wise distance measurements between
a target whose location is not known and an anchor whose
location is known and pair-wise distance measurements
between two targets whose locations are not known. The
method is based on formulating a sub-problem such that a
subset of both anchors and targets is included, where the
subset of sensors are chosen according to the intelligent rule
sets. The location estimates of the targets included in the
formed subset are determined by solving an SDP represen-
tation of the derived sub-problem. The method then classi-
fies the targets whose locations have been determined as
pseudo-anchors, which are used for formulating further
sub-problems. The process is repeated iteratively until all
target locations are determined. Contrarily to the method
disclosed in [23], the WLS method disclosed in the present
application utilizes combined RSS/AoA measurements, and
each target communicates with anchors exclusively. Further-
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more, the WLS method disclosed in the present application
provides a solution in a closed-form, which is obtained in a
non-repetitive manner such that error propagation is
avoided.

[0015] Document [24] discloses a hybrid localization
method, where due to area conditions, one or more targets
switch between different localization techniques in order to
enhance the localization accuracy. This hybrid method is
based on RSS measurements, and for given area conditions
potentially provides the best possible localization accuracy
for those conditions. Several localization techniques (e.g.,
ecolocation, centroid, approximate point-in-triangulation,
maximum likelihood estimator and proximity) were inves-
tigated in [24], and the general idea can be easily extended
to any RSS-based localization technique. In contrast to the
hybrid method disclosed in [24], the WLS method disclosed
in the present application is hybrid in the sense that the two
radio measurements of the transmitted signal are merged,
namely RSS and Ao A measurements. Moreover, the method
in the present disclosure does not require the specific area
conditions to be known nor to solve the localization problem
with other localization techniques other than the proposed
WLS one.

[0016] In document [25], sensor network integration
through pheromone fusion (SNIPF) that provides an end-
to-end demonstration and integrates self-contained sensor/
communication with novel swarming algorithms to detect
foot and vehicular movement through a monitored area with
minimal configuration and maintenance is disclosed. To
locate the target in SNIPF, from all anchors that detect the
target only the ones that recognize themselves as the closest
anchors are used. These anchors then construct a gradient
using a small integer (four bits in the preferred implemen-
tation) indicating their distance from the edge. A detecting
anchor that hears no edge distance greater than its own
knows that it is farthest from the edge; hence, it belongs to
the set of the nearest anchors. Then by using the nearest
anchors’ locations and tactical target location, the target
location is determined. Contrarily to the method in [25], the
WLS method disclosed in the present application is not
directly dependent on anchor density and the number of
anchors that detect a given target and does not use gradients.
[0017] The disclosure in [26] provides a system having a
compressive wireless array for bearing estimation of mul-
tiple acoustic sources with a plurality of sensors using a
wireless channel under bandwidth constraints. It is shown in
[26] that, when the source signals are unknown but inco-
herent, the high-rate samplers can be eliminated from all but
one of the array elements by using a constrained convex
optimization algorithm to perform the bearing estimation
calculation. This method is important for sensor networks
consisting of only arrays, since these networks can signifi-
cantly outperform the average localization performance of
the cheaper proximity sensors in spite of their sheer number
per capita. In contrast to [26], the WLS method disclosed in
the present application combines the bearing measurements
(both azimuth and elevation angles) with the RSS ones.
[0018] In document [27], wireless integrated miniature
sensing stations, which can be organized into a communi-
cating network to allow sensitive detection and analysis of
vibration, infrared radiation, sound, or other physical or
condition change indicative of an intruder, vehicle move-
ment, etc. is disclosed. These stations can be placed ran-
domly in the area of interest (e.g., dropped from an aircraft
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or a ship) and they are programmable to localize themselves
in a distributed fashion. However, in huge contrast to the
disclosure in the present application, the disclosure in [27]
does not provide any kind of localization algorithm for
estimating the unknown stations’ positions, but rather
focuses on the components and characteristics of the sensing
stations.

[0019] Methods and apparatus for enhancing communica-
tions transmitted via wireless mesh networks are disclosed
in [28]. These networks include a number of radio nodes
organized in a mesh topology, equipped with omnidirec-
tional antennas or directional antennas to transmit large
volumes of data. Contrarily to the disclosure in the present
application, the disclosure in [28] focuses on network con-
figuration to transmit data at a specific data rate and fre-
quency range, and does not focus on localizing the radio
nodes.

[0020] The RSS/AoA target 3-D localization method in
wireless networks disclosed in this application merges RSS
and AoA observations for both situations where P is known
or unknown. Low computational complexity and high esti-
mation accuracy are achieved by shifting from Cartesian to
spherical coordinates which allows us to establish new
relationships between the measurements and the unknown
target location, and results in a simple and closed-form
solution. Due to its low computational complexity and
upfront derivation (without resorting to convex relaxation
techniques), the method provides fast and accurate solution.
Simulation results validate the accuracy of the proposed
method.
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BRIEF SUMMARY OF THE INVENTION

[0053] As shown in FIG. 2 x:[xx,xy,xZ]T and a;=[a;.,a,,
a, |” represent the coordinates of the target and the i-th
anchor, respectively, while d,, ¢, and ¢, denote respectively
the distance, azimuth angle and elevation angle between the
target and the i-th anchor.

[0054] It is assumed that the distance is drawn from the
RSS information exclusively, since ranging based on RSS
does not require additional hardware [9]. The noise-free RSS
between the target and the i-th anchor is defined as [29,
Ch.3]

do YV L, 1
PW) :PT(Z‘_’) W0, fori=1, ... N, )

where P is the transmit power of the target, L, is the path
loss value measured at a short reference distance d,, (d,=d,),
v is the path loss exponent (PLE), and d, is the distance
between the target and the i-th anchor. The RSS model in (1)
can be rewritten in a logarithmic form as

d; . 2)
P = Po—loyloglod—o +n, fori=1,... N,

where P,, is the received power (dBm) at d,,, and n,~N(0,5,,%)
is the log-normal shadowing term modeled as zero-mean
Gaussian random variable with variance o, >. Note that P, is
dependent on P. Z

[0055] The AoA measurements can be obtained by install-
ing directional antenna or antenna array [15], or video
cameras [30]) at anchors. Thus, by applying simple geom-
etry, azimuth and elevation angle measurements are mod-
eled respectively as [5]:

Xy —G;

¢;:tan’l(u)+m;,fori:1,...N, 3
Xx — Qix
X;— @i

w;:cos’l( < ‘Z)+v;,fori:1,...N, )
[Ix = aill
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where ml.~N(0,0m1_2) and Vl.~N(0,0v1_2) are the measurement
errors of azimuth and elevation angles, respectively. Given
the observation vector 6=[PZ.®%a’|(6ER>Y), where
P=P,], ®=¢,], a=[a,], the conditional probability density
function (PDF) is given as:

3N PP (5)
P(le):]_I ! exp{— @ zf‘;x)) }
i=1 27?0';2 o

where

flx)= [Po - 10y10g10;ii , tan’l(xy —diy )’ cos’l( X, — Gy )]T

o Xy = Oix Ilx = all
and

T
o =10, Ty -

[0056] The ML estimate, X, of the unknown location is
obtained by maximizing the log of the likelihood function
(5) with respect to x [31, Ch. 7], as:

3N . , (6)
¥= argminz ;[91' = fitx)l .

i
i=1

[0057] When the transmitted power information is known
the 3-D localization method in wireless networks comprises
the following steps:

[0058] First, from (2), (3) and (4) we can respectively
write:
Mlp—aflnd, for i=1,. .., N, @]
cf(x-a)=0, for i=1,..., N, (®)
K (x~a,)~|x-a,lcos(a,), for i=1, ..., N, (©)
[0059] where

P; Py
X = 1077, = 10707,

[0060] c~[-sin(¢,),cos($,),0]” and k=[0,0,1]7, and
apply Cartesian to spherical coordinates conversion to
write x—a,=r,u,, where the unit vector u,=[cos(¢,)sin
(a),sin(a,)sin(c,),cos(c,)]” can be obtained from the
available AoA measurements;

[0061] next apply the described conversion to (7) and
(9), and multiply with 1 (formed as u,"u,), to respec-
tively get:

M ruandy S hu(x-a)end,, (10)

and

kTru~u,Tr; cos(a,) & (cos(a)u,—k)T(x—a;)=~0. (11)
[0062] to give more importance to nearby links, intro-

duce weights, W:[\/Wi], where each w;, is defined as
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d; N Po-P; (12)

[0063] being the ML estimate of the distance obtained
from (2);

[0064] next according to the WLS criterion and (10),
(8), (11) and (12), obtain the following estimator:

N (13)
= argminz widudd (x— @) = o)’ +
=)
N N
Dowiel r-a)’ + 3" wil(cost@)u — k) (x=a)’,
i=1 i=1
[0065] which can be writen as
minimizd|W (Ax — b)||%, (14)
[0066] where W=I,®diag(w), with @ denoting the Kro-

necker product, and

(cos(ey)u; — k)T (cos(au; — k) a;

[0067] with the closed form solution given by
F=(ATWIWAY (AT WD), (15)
[0068] When the transmitted power information is

unknown the 3-D localization method in wireless networks
comprises the following steps:

[0069] a. First, from (2), (3) and (4) we can respectively
write:
Mk-af=nd, fori=1, ..., N, @)
cf(x-a)=0, for i=1, ..., N, (®)
F(x—a;)~|x-a;|cos(a,), for i=1,..., N, (©)
[0070] where
P Po
A = 10107, = 1010y
[0071] c~[-sin(¢,),cos(¢,),0]° and k=[0,0,1]%, and

apply Cartesian to spherical coordinates conversion to
write x-a,=1,u,, where the unit vector w=[cos(¢,)sin

(o,),sin(¢,)sin(a,),cos(,)]” can be obtained from the
available AoA measurements;
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[0072] b. Next apply the described conversion to (7)
and (9), and multiply with 1 (formed as u,’u,), to
respectively get:

M Trusndy © Al (x-a,)~nd,, (10)

and

ke, Tr; cos(a,) € (cos(ay)u,~k) T (x-a;)=0. (11)
[0073] c. To give more importance to nearby links,

introduce weights, W=[/W,], such that

N P (16)
w;=1- .
N
X P
i=1
[0074] d. next according to the WLS criterion and (10),

(8), (11) and (16), obtain

N (17
G 7 = argminy | wQuudl (x - a;) —ndo)’ +
=

Zw‘(cT(x @) +Zw‘ (cos(apu; k)T (x = )Y,

i=li

[0075] which can be rewritten as:

mJnlrmzd|W(Ay b)” 18)
v

[0076] where W=1,&diag(¥), and

RN
1}
o
N
Lo e
ol
1}
o
8

(cos(a)u; — k)T 0 (cos(a)u; — k) a;

[0077]
P=ATWWA " ATWD). (19)

[0078] Embodiments of the invention are defined in the
dependent claims. Other objects, advantages and novel
features of the invention will become apparent from the
following detailed description of the invention when con-
sidered in conjunction with the accompanying drawings and
claims.

whose solution is given by:

BRIEF DESCRIPTION OF DRAWINGS

[0079] The various aspects of embodiments disclosed
here, including features and advantages of the present inven-
tion outlined above are described more fully below in the
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detailed description in conjunction with the drawings where
like reference numerals refer to like elements throughout, in
which:

[0080] FIG. 1 is a block diagram of the geolocalization
apparatus, where block 101 represents the i-th anchor
receiver that receives the signal sent from the target. The
receiver gives as output the received signal strength indica-
tor (RSS). Block 102 is the i-th anchor receiver that receives
the signal sent from the target and calculates the angles of
azimuth and elevation, giving these values in the output.
Note that anchor nodes can have multiple antennas or
directional antennas to obtain AoA measurements, both
azimuth angle and elevation. Block 103 is the central node
where all data processing is executed (fusion center), using
the readings of RSS and AoA that anchors conveyed to this
node. The block 104 represents the estimator implemented
by the estimation process.

[0081] FIG. 2 shows anchor and target locations in a 3-D
space where x=[x,.X,X 1¥ and a~ [alx, ly,aiZ]T represent the
coordinates of the target and the i-th anchor, respectively,
while d,, ¢, and o, denote respectively the distance, azimuth
angle and elevation angle between the target and the i-th
anchor;

[0082] FIG. 3 shows the azimuth angle measurement error
for different distances;

[0083] FIG. 4 shows the RMSE versus N comparison

when 0,=6 dB, 0,,=10 deg, 0,=10 deg. PLE is fixed to
vy=2.5. However to account for a realistic measurement
model mismatch and test the robustness of the new algo-
rithms to imperfect knowledge of the PLE, the true PLE was
drawn from a uniform distribution on an interval [2.2; 2.8],
ie, v~U[2.2,2.8] for i=1, ..., N, y=2.5, B=15m, P,=-10
dBm, d,=1 M_=50000;

[0084] FIG. 5 shows the RMSE versus o,, (dB) compari-
son, when N=4, 0,,=10 deg, ©,=10 deg, v~U[2.2,2.8],
v=2.5, B=15 m, P,=-10 dBm, d,=1 m, M_=50000;

[0085] FIG. 6 shows the RMSE versus o,, (deg) compari-
son, when N=4, 0,,=6 dB, 0,=10 deg, yl~U[2228] y=2.5,

B=15m, P,=-10 dBm d -1 m, M_=50000.

[0086] FIG 7 shows the RMSE versus o, (deg) compari-
son, when N=4, 0,,=6 dB, 0,,=10 deg, v ~U[2228] y=2.5,

B=15 m, P,=-10 dBm d =1 m, M_=50000.

DETAILED DESCRIPTION OF THE
INVENTION

[0087] The present application describes the apparatus and
a method for RSS/A0A target 3-D localization in wireless
networks. Let xR 3 be the unknown location of the target
and a,ER?, fori=1, . . ., N, be the known location of the
i-th anchor. In order to determine the target’s location, a
hybrid system that combines range and angle measurements
is employed As shown in FIG. 2 x=[x,,x,,x 17 and a,~a,,,
a,,.a a, |7 represent the coordinates of the target and the i-th
anchor respectively, while d,, ¢, and o, denote respectively
the distance, azimuth angle and elevation angle between the
target and the i-th anchor.
[0088] The determination of the locations is done using a
hybrid system that combines the distance and angle mea-
surements obtained at the blocks 101 and 102 of FIG. 1,
respectively. The combination of the two radio signal mea-
surements provides more information for the user and is
capable of improving estimation accuracy.
[0089] Itis assumed that the distance is drawn in 101 from
the RSS information exclusively, since ranging based on
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RSS does not require additional hardware [9]. The noise-free
RSS between the target and the i-th anchor is defined as [29,
Ch.3]

dV . L 1
P;(W):Pr(f] 1010, for i=1,... , N, M

where P is the transmit power of the target, L, is the path
loss value measured at a short reference distance d,, (dy=d,),
v is the path loss exponent (PLE), and d, is the distance
between the target and the i-th anchor. The RSS model in (1)
can be rewritten in a logarithmic form as

d; . 2)
P = P0_10710g10d_0 +mn;,for i=1,... ,N,

where P,, is the received power (dBm) at d,,, and n,~N(0,5,,%)
is the log-normal shadowing term modeled as zero-mean
Gaussian random variable with variance o, >. Note that P, is
dependent on P,. It is assumed that the sensors are static and
there is no node and link failure during the computation
period, and all sensors can convey their measurements to a
central processor represented by block 103 of FIG. 1.
[0090] The AoA measurements performed in 102 can be
obtained by installing directional antenna or antenna array
[15], or video cameras [30]) at anchors. Thus, by applying
simple geometry in 102, azimuth and elevation angle mea-
surements are modeled respectively as [15]:

X, —a;
¢;:tan’l(u)+m;,for i=1,... ,N, &)
Xx — Qix
X, —a
w;:cos’l( < ‘Z)+v;,f0r i=1,... ,N, (&)
[Ix = aill

where m,~N(0,0,,2) and v,~N(0,0,?) are the measurement
errors of azimuth and elevation angles, respectively. Given
the observation vector 0=[P7®”,a’] (B€R>Y), where
P=[P,], ®=[¢,], a=[c,], the conditional probability density
function (PDF) is given as:

3N | 0 FOoR [©)]
p@|x)= ]_I exp{—( - f‘ix)) }, where
o2

207
=1 V2707 7i

fx)= [Po - 10y10g10%’ tan’l(Xy — Gy ), cos—l(xz — Qiz )]T

Xy = Gix Ilx = aill
and

T
o =10, Ty -

[0091] The ML estimate, X, of the unknown location is
obtained by maximizing the log of the likelihood function
(5) with respect to x [31, Ch. 7], as:

3N . 6)
5= argrmnz 16~ .

i=1
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[0092] The above ML estimator (6) is non-convex and
does not have a closed-form solution. The 3-D localization
method in wireless networks disclosed in this application is
implemented in block 103 and aproximates (6) by another
estimator whose solution is given in a closed-form, and it is
composed by the following steps:

Mlp—aflnd, for i=1,. .., N, @]

cf(x-a)=0, for i=1,..., N, (®)

Kl (x-a;)~|x-a;lcos(a,), for i=1,. .., N, (©)
[0093] where

Py Po
A; = 10107 = 10107,

[0094] c,~[-sin(¢,),cos($,),0]° and k=[0,0,1]%, and
apply Cartesian to spherical coordinates conversion to
write x-a,=r,u,, where the unit vector u,=[cos(¢,)sin
(ov,),sin(¢,)sin(c,),cos(c,)]” can be obtained from the
available AoA measurements;

[0095] Next apply the described conversion in (7) and
(9), and multiply with 1 (formed as u,”u,), to respec-
tively get:

AT do € hu,(x-a,)endo, (10)

and

kfrueu,Tr; cos(a;) € (cos(oy)u—k) (x-a;)=0. (11)
[0096] To give more importance to nearby links, intro-

duce weights, W:[\/Wi], where each w, is defined as

d; Po—P; (12)

[0097] being the ML estimate of the distance obtained
from (2);
[0098] The reason for defining the weights in this manner
is because both RSS and AoA short-range measurements are
trusted more than long ones. The RSS measurements have
constant multiplicative factor with range [9], which results
in a greater error for remote links in comparison with the
nearby ones. In FIG. 2, ¢, and (f)l. represent respectively the
true and the measured azimuth angle between an anchor and
two targets, x; and X,, located along the same line, but
unequally distant from the anchor. The goal is to determine
the locations of the two targets based on the available
information. Consequently, the location estimates of the two
targets are at points X, and X,. However, from FIG. 2, it can
be seen that the estimated location of the target physically
closer to the anchor (X,) is much closer to its true location
than the one further away.
[0099] Next according to the WLS criterion and (10),
(8), (11) and (12), obtain the following estimator:

a3

% = arg min w;(/liu‘T(x —a;) — nd0)2 +
x

-

i
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-continued

N N
Domel r=a)’ + 3 willeost@u; k) (v - ),
i=1 i=1

[0100] which can be writen as
minimizd|W (Ax — b)||%, (14)
[0101] where W=I,®diag(w), with & denoting the Kro-

necker product, and

Nl /\;u‘T + ndo

(cos(a )u; — k)T (cos(a)u; — k) a;

[0102]

F=(4 WA (4T D). (15)

with the closed form solution given by

[0103]

[0104] When the transmitted power information from
block 101 is unavailable, which corresponds to not knowing
P, in (2), the estimation is perfomed by the estimator of
block 104 that introduces weights W:[\/W_i], such that

We label (15) as “WLS1” in the remaining text.

N P (16)
w;=1- .
N
2 P
i=1
[0105] From the WLS principle and (10), (8), (11) and
(16), we get:
N (1n

(%, ) = argmin W;(/I;M‘T(x —a;)— nd0)2 +

=1

N N
Dl r-ap)’ + ) wil(cost@u; - k) (v - ),
i=1

i=li

[0106] which can be rewritten as:

NPT I Y SRy ) 18)
minimizd|W(Ay - b)|| , (
y:[xrﬂ]rdl (Ay-3)

[0107] where W=I,®diag(%), and
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Nl —dy

T
; i a;

RN
1}
o
N
O e
T
1}
o
2

(cos(apu; —k)T 0 (cos(au; — k) a;

[0108]
P=ATWWAY  (ATD). (19)
[0109] We will refer to (19) as “WLS2” in the further
text.
[0110] Assuming that K is the maximum number of steps
in the bisection procedure used in [21], Table 1 provides an

overview of the considered algorithms together with their
worst case computational complexities.

whose solution is given by:

TABLE 1

Summary of the Considered Algorithm

Algorihm Description Complexity
WLS1 The proposed WLS for known P, ON)

WLS2 The proposed WLS for unknown P, ON)

SOCP The SOCP method in [10] for known P, ON3)
SR-WLS The bisection method in [11] for known P, O(KN)

LS The LS method in [5] for known P, ON)

[0111] Table 1 shows that the computational complexity of

the considered methods depends mainly on the network size,
i.e., the total number of anchors in the network. This
property is a characteristic of methods operating in a cen-
tralized manner [21], where all information is conveyed to
a central processor. From Table 1, we can see that the
computational complexity of the proposed methods is linear.
[0112] Performance of the proposed algorithm was veri-
fied through computer simulations. It was assumed that
radio measurements were generated by using (2), (3) and
(4). All sensors were deployed randomly inside a box with
an edge length B=15 m in each Monte Carlo M) run. The
reference distance is set to d,=1 m, the reference path loss
to P,=—10 dBm, and the PLE was fixed to y=2.5. However,
to account for a realistic measurement model mismatch and
test the robustness of the new algorithms to imperfect
knowledge of the PLE, the true PLE was drawn from a
uniform distribution on an interval [2.2,2.8], i.e., y~U[2.2,
2.8] fori=1, ..., N. For SR-WLS method in [11], K=30 is
used. The performance metric used here is the root mean
square error (RMSE), defined as

where X, denotes the estimate of the true target location, x,,
in the i-th M, run.

[0113] FIG. 3 shows that all methods benefit from addi-
tional information introduced by increasing N. Although
computationally extremely light, the new method exhibits
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superior performance for all N, as well as the robustness to
not knowing P,. It is important to note that in FIG. 3 the
noise powers were set to a relatively high value, and that for
such a setting our method behaves exceptionally well.
[0114] FIGS. 4, 5 and 6 show the quality of different types
of measurements on the performance of the considered
approaches. More precisely, FIGS. 4, 5 and 6 illustrate the
RMSE versus o, (dB), 0,, (deg) and o, (deg) comparison,
respectively, for N=4. From these ﬁgurés, one can observe
that the performance of all methods impairs as the quality of
a certain measurement drops, as expected. However, not all
measurements have equal impact on the performance of the
considered methods. For example, the quality of the RSS
measurement has very little influence on the performance of
the proposed method, while the quality of AoA measure-
ments have greater impact on its performance. This is due to
the fact that the new method relies more on the quality of
angle measurements than range ones in its derivation. Nev-
ertheless, the performance deterioration is moderate for such
a wide span of noise power.

[0115] The above description of illustrated embodiments
is not intended to be exhaustive or limited by the disclosure.
While specific embodiments of, and examples are described
herein for illustrative purposes, various equivalent modifi-
cations are possible, as those skilled in the relevant art will
recognize.

What is claimed is:

1. An apparatus for RSS/A0A target 3-D localization in
wireless networks comprising:

At least one directive or antenna array;

A central processing unit to merge the two radio mea-

surements of the transmitted signal from nodes, namely
RSS and AoA measurements;

A processing unit to process the RSS information;

A processing unit to process the AoA

A processing unit to estimate the 3-D localization.

2. A method for RSS/AoA target 3-D localization in
wireless networks comprising:

At least one sensor node in a wireless sensor network

performing the localization method;

A shifting from Cartesian to spherical coordinates is made
to merge the two radio measurements of the transmitted
signal, namely RSS and AoA measurements;

A closed-form solution, without resort to any relaxation
technique, based on the acquired AoA measurements
and the established relationships between the measure-
ments and the unknown target location.

3. A method for RSS/AoA target 3-D localization in
wireless networks as in claim 2, when transmitted power
information P, is known, comprising the following steps:

a. First, write:

Mk-af=nd, fori=1,..., N, (7)

cf(x—a)=0, for i=1,..., N, ®)

F(x-a;)~|x-a;lcos(a,), for i=1, ..., N, (©)
where

P P
A = 1077, = 10107

c,=[-sin(¢,),cos(¢,),0]” and k=[0,0,1]", and apply Carte-
sian to spherical coordinates conversion to write
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x-a;~r1,, where the unit vector u,=[cos(¢,)sin(c,),sin

(¢,)sin(a,),cos(ct,)]” can be obtained from the available
AoA measurements;

b. next apply the described conversion to (7) and (9), and
multiply with 1 (formed as u,”u,), to respectively get:

My rusndy S Al (x-a)end,, (10)
and
kTru~u,ra; cos(a,) € (cos(a,)u,—k)T(x—a;)=0. (11)

c. to give more importance to nearby links, introduce
weights, w=[y/w,|, where each w; is defined as

a; Py—P; 12)

wi=1- , with d; =dpl0 107

4

M=

being the ML estimate of the distance obtained from

d:
P; :Po—loyloglod—; +n, for i=1,... ,N;

d. next according to the WLS criterion and (10), (8), (11)
and (12), obtain the following estimator:

(13)
wiu] (x = ai) = ndo)” +

-

X = argmin
x

i

N N
Domiel r=a)+ 3 wil(ecos(@u; - k) (x = a))’,
i=1 i=1
which can be writen as
minimize ||[W(Ax - b)|1%, (14)

where W=I,®diag(w), with & denoting the Kronecker
product, and

i

Nl /\;u‘T + ndo

(cos(ey)u; — k)T (cos(au; — k) a;

with the closed form solution given by
=TI WA 4T WD), 15)
4. A method for RSS/AoA target 3-D localization in

wireless networks as in claim 2, when the transmitted power
information P is unknown, comprising the following steps:
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a. First, write:

Mlp—aflnd, for i=1,. .., N, @]

¢ f(x-a;)=0, for i=1,..., N, (®)

K (x~a,)~|x-a,lcos(a,), for i=1, ..., N, (©)
where

P Fo
X = 10107, = 10107,

c,=[-sin(9,),cos(¢,),0]” and k=[0,0,1]%, and apply Carte-
sian to spherical coordinates conversion to write
x-a,=r,u,, where the unit vector u=[cos(¢,)sin(c,),sin
(¢,)sin(c,),cos(cx,)]” can be obtained from the available
AoA measurements;

b. next apply the described conversion in (7) and (9), and

multiply with 1 (formed as u,”u,), to respectively get:

}“iuiTr 1 dy hiuiT(X_ai)“”ld@ (10)
and
I rl-uizul-Triui cos(a,) < (cos(a,)u,~k) T (x—a;)=0. (11)

c. to give more importance to nearby links, introduce
weights, W=[/W,], such that

P (16)
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d. from the WLS principle and (10), (8), (11) and (16), we
get:

N 17

(%, ) = argmin Vv;(/l;u?-(x —a;) — nd0)2 +

==l

N N
Dl r=a)’ + ) wil(cos(m - k) (v - )’
i=1

i=li

which can be rewritten as:

g s a9
where W=1,Qdiag(%), and
Nl —:do N a;
A= ol (:J b= cla;
(cos(apu; —k)T 0 (cos(au; — k) a;
whose solution is given by:
P=ATWIWAY (ATWD). (19)

5. A method for 3-D localization in wireless networks as
in claims 2, 3 and 4, in which the computational complexity
is always linear in the number of anchors N.

#* #* #* #* #*



